Localized surface plasmon resonance (LSPR) spectroscopy has received extensive attention as a new method in chemical and biological analysis that can be integrated with nanotechnology. As a new analytical method, LSPR possesses various advantages over the traditional bioanalysis method of enzyme-linked immunosorbent assay (ELISA), including a label-free procedure, low cost, high response speed, simple operation and structure, and ease of storage and transport. Additionally, in situ and highthroughput measurements can be achieved. is study aims to solve the problem of the lack of in situ and highly efficient monitoring methods for current realgar bioleaching processes. An LSPR chip is made to monitor the changes in arsenic content in the process of realgar bioleaching. A convenient, fast, sensitive, and high-throughput method of bioleaching process investigation based on the LSPR spectroscopic in situ monitoring technique is proposed. e LSPR chip provided a highly specific selectivity and a linear detection of arsenic content in the range of 1.0-100.0 μM with detection limit (LOD) 0.898 μM. e developed chip was applied to the quantification of realgar bioleaching sample with satisfactory results.
Introduction
Bioleaching technology is a newly developed hydrometallurgical technology [1] . is technique is cross-fused with the preparation of medicinal realgar and uses natural acidophilic microorganisms to perform bioleaching [2] . Recent studies have confirmed that the realgar leachate obtained using Acidithiobacillus ferrooxidans (A. ferrooxidans) showed strong anticancer activity in both in vitro and in vivo experiments [3, 4] . Compared to traditional preparatory methods, the bioleaching of realgar can significantly increase its solubility and bioavailability. In addition, this method is highly efficient, ecofriendly, and of low cost [5] . In the bioleaching of realgar, an important aspect is monitoring the changes in the concentration of arsenic during the process [2] . Traditionally, the molybdenum blue spectrophotometric method is utilized to measure the arsenic content. is method is tedious, requires a specific experimental setup, and needs to be airtight. e final gaseous arsenic product of the reaction is toxic and difficult to collect, affecting both the experimental results and the experimenters. Additionally, the experimental setup does not allow high-throughput processing in the case of high amounts. Another commonly implemented method utilizes instrumental analysis by inductively coupled plasma atomic emission spectroscopy (ICP-AES). ICP-AES is safer and more sensitive, but the instrumentation is relatively expensive, and, more importantly, it is difficult to conduct in situ analysis.
As a new analysis method, localized surface plasmon resonance (LSPR) provides various advantages compared to the traditional bioanalysis technique enzyme-linked immunosorbent assay (ELISA) [6] . ese advantages include labelfree procedures, low cost, high response speed, simple operation and structure, and ease of storage and transport [7] . In addition, in situ and high-throughput measurements can be achieved. In recent years, there have been extensive advances in synthetic nanotechnology [8] . It is possible to control and synthesize nanoparticles with specific morphologies, sizes, and properties according to the need. For precious metal nanoparticles (NPs) that are specifically utilized in LSPR analysis, the refractive index sensitivities for the dielectric environment of various types of NPs are in the following order: nanostars > nanoprisms > bipyramids > nanorods > nanocubes nanospheres [9] . e LSPR sensitivity of nonspheroidal particles cannot be described analytically, but it has been shown experimentally and in electrodynamics simulations that particle shape plays a large role in determining the sensitivity [10] . In particular, particles with sharp tips produce much higher refractive index sensitivities than would be predicted from their aspect ratios alone. Over the past decade, a myriad of new nanoparticle shapes with ever-increasing refractive index sensitivities have been developed [11] . In this study, we selected the triangular Ag@Au core-shell NP as the nanostructure on which the LSPR analysis is based. Ag@Au core-shell NPs possess the following advantages: (I) for the Ag@Au core-shell NP we synthesized, the refractive index sensitivity to the media environment could reach 570 nm/ RIU. is sensitivity is significantly greater than that of the previously reported triangular silver NPs and spherical gold and silver NPs [12] . (II) Conceptually, Ag NPs, due to the stronger and narrower plasmon resonance peak, could be widely adapted for use in chemical sensors, biosensors, and imaging and catalytic applications. However, the structure of silver NPs can change under conditions such as in the presence of salt solutions, halogens, oxidants, heat, and ultraviolet light [13] [14] [15] [16] .
is property has greatly limited the practical application of silver NPs in various areas. Nevertheless, when a triangular silver NP is coated with an even, thin layer of gold, the stability can be greatly increased, thus increasing the value of silver NPs in practical applications [17] . Gold (III) NPs are easy to modify and exhibit good biocompatibility [18] . Moreover, coating silver NPs with a layer of gold not only effectively protects the silver NPs from environmental influences but also effectively improves the physical and chemical properties of the silver NPs [19] . erefore, this study provides a new solution to the difficulty of monitoring the change in arsenic content in the process of bioleaching realgar by producing an LSPR chip to investigate the bioleaching process via a convenient, rapid, sensitive, and highthroughput LSPR spectroscopic in situ monitoring technique.
In summary, this work is focused on the following tasks: (1) prepare triangular Ag@Au core-shell NPs, based on which a chip is produced using Ag@Au triangular NPs, and perform further characterization; (2) investigate realgar bioleaching by A. ferrooxidans and implement the prepared LSPR chip to monitor changes in arsenic content in the bioleaching process.
Materials and Methods

Realgar Bioleaching System.
e strain A. ferrooxidans BY-3 (CCTCC-M203071) was obtained from the discarded copper mine in Baiyin City, Gansu Province, China, and purified by solid medium streak-plate separation. is strain was selected based on its growth and physical and chemical properties. e strain was entered into GenBank after 16S rRNA nucleic acid sequencing (DQ676505) [20] . e culture medium for strain A. ferrooxidans BY-3 (CCTCC-M203071) was 9K culture medium containing 44.69 g/L ferrous sulfate [21] . A. ferrooxidans is used to leach out the arsenic within realgar in water solutions. Using a 10% inoculum volume, strain A. ferrooxidans BY-3 was inoculated into the culture medium containing 5 g/L of realgar powder. e pH was adjusted to 1.7, the agitation speed was 150 r/min, and the bacteria were cultured in a shaker at a constant temperature of 30°C for 100 h until the logarithmic growth phase.
Preparation of Triangular Ag@Au Core-Shell
Nanoparticles. Fixed amounts of AgNO 3 and sodium citrate solutions were added to H 2 O 2 . en, triangular silver NPs were synthesized by adding a fixed amount of freshly prepared cold NaBH 4 solution while stirring the mixture. e resulting triangular silver NP solution was homogeneously mixed with fixed amounts of 3 mL PVP (5%), 450 μl diethylamine, and 1.2 mL ascorbic acid solutions (0.05 M).
e mixture, while stirring for 1 h, reacted with the 0.6 mL HAuCl 4 growth solution, 1.2 mL PVP (5%), 240 μl KI, and 9 mL H 2 O and produced Ag@Au core-shell triangular NPs (∼0.4 nM) [22] .
Preparation of Chip Based on Ag@Au Triangular Nanoparticles
Pretreatment of Glass Substrate.
Standard plain microscope glass slides were cut into small pieces. e glass pieces were cleaned and then sonicated in piranha acid solution and ammonia solution for surface hydroxylation. e glass pieces were then rinsed with a large volume of pure water, blow-dried with argon, and soaked in APTES ((3-aminopropyl)triethoxysilane) solution for surface amination. e surface-aminated glasses were further sonicated in methanol, rinsed with a large volume of pure water, blowdried with argon, and oven-dried.
Assembly of Ag@Au Core-Shell Nanoparticles on Glass
Slide Surface. Pretreated glass slides were placed on a watch glass. A certain concentration of Ag@Au NP solution was poured into the watch glass to a certain level above the slide surface. After a period for assembly, the glass slides were removed and washed with a large volume of ultrapure water, blow-dried with argon, and analyzed by UV-Vis extinction spectroscopy.
Results and Discussion
Preparation and Property Tests of Ag@Au Triangular
Nanoparticle Chip
Preparation of Triangular Ag@Au Core-Shell
Nanoparticles. Figure 1 displays the UV-Vis extinction spectra of the prepared triangular silver NPs (Figure 1(a) , black line) and the Ag@Au core-shell NPs (Figure 1(a) , red line). Figures 1(b) and 1(c) show the transmission electron microscopy (TEM) images of the triangular silver NPs and the Ag@Au core-shell NPs. Figure 1(d) shows the scanning electron microscopy image of the Ag@Au coreshell NPs.
Evaluation of the Stability of Ag@Au Core-Shell
Nanoparticles. As seen in Figure 2 , the stability of the prepared Ag@Au core-shell triangular NPs was fairly good. e NPs were stably present in buffer and salt solutions. Note that the position of the maximum LSPR peaks (λ max ) was almost unchanged, but the intensity was decreased. e main cause was the trace coagulation of NPs in high concentrations of PBS buffer or salt solution and a certain amount of loss of NPs during each measurement. In our study, LSPR measurement is mainly based on the position change of the maximum LSPR peaks, and thus, the change in intensity does not influence the measurement results.
Evaluation of the Sensitivity of the Ag@Au Core-Shell
Nanoparticles. As illustrated in Figure 3 , the detection sensitivity of this type of core-shell NP in solution was high. From a linear regression analysis of the relationship between the LSPR λ max position of the core-shell NPs and the solution refractive index (n), the sensitivity could reach as high as 570 nm/RIU.
Preparation of Ag@Au Triangular Nanoparticle Chip.
e core-shell NPs to be assembled onto glass slides still showed localized surface plasmon resonance and could thus result in LSPR peaks. Meanwhile, due to the difference in refractive indexes of the air, glass, and water, a blue shift of LSPR peaks, as illustrated in Figure 4 (a), was observed for glass slides loaded with NPs. e peak shape was similar to the peak shape of the monodispersed Ag@Au core-shell NPs in aqueous solution. On the other hand, upon observing the glass slides after assembly, the color of the slides was similar to the color of the monodispersed NPs; both were blue, but the glass slide was of lighter color. ese two observations suggest that when NPs assembled on the glass surface, they were fixed onto the slides in a nonaggregated state. As shown in Figure 4(b) , the full-width half-maximum of the LSPR peak was narrowest for slides soaked for 2 h, so the soaking time was set at 2 h for the subsequent experiments.
Application of LSPR Chip in Monitoring the Change in
Arsenic Content in the Bioleaching Process. Glutathione (GSH) and dithiothreitol (DTT) were treated as recognition units and modified onto the Ag@Au core-shell NP chip through the Au-S chain reaction. Acidophilic bacteria, such as A. ferrooxidans, can increase the solubility of realgar, and the main reactions are as follows:
e sulfhydryl group of GSH or DTT can react with arsenate and reduce As(V) to As(III). As(III) can form the As-(SG) 3 complex with GSH in solution, while As(V) can e main mechanisms are as follows:
As recognition units, GSH and DTT can be modified onto the Ag@Au core-shell NP chip by the Au-S chain reaction. When the GSH or DTT on glass slides reacts with arsenate to form the As-(SG) 3 complex and GS-SG, the refractive index of the LSPR chip surface is altered, resulting in changes to the LSPR peak. e goal of analysis can then be achieved by UV-IR absorbance spectroscopic characterization. e analysis mechanism is illustrated in Figure 5 . e LSPR chip was used through UV-Vis-IR extinction spectroscopy analysis to perform a preliminary analysis of arsenate solution ( Figure 6 ). Application of the LSPR chip method showed the linear range of arsenate in the bioleaching process from 1.0 μM to 100.0 μM, and a detection limit of 0.898 μM was obtained.
Conclusion
Triangular Ag@Au core-shell NPs were successfully prepared, and Ag@Au triangular NP chips were prepared and characterized.
e process of realgar bioleaching by A. ferrooxidans was studied.
e prepared LSPR chip was applied to monitor the change in arsenic content in the bioleaching process. Additionally, it was found in the experimental process that the realgar bioleaching process by A. ferrooxidans could accelerate the oxidation of the ferrous ion.
e resulting arsenic ion can be detected by a type of new chips, which provides an alternative method of 
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